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In  aval  nl'  •  «.i  ;  >i  n  ■  a  ui  ing  diffusion  rates  of 

variou  m>  :  ,i  1  1  d  u  : » •  al  lie  glasses  are  critically  reviewed, 

and  i!,.  •  ad  v.r  '  e  ud\  m  :  bo  ton  diffusion  by  secondary-ion 

mass-sp« tetri  > t  r ■  ( 1  1  m: : )  ;.ot  out . 

A  surf  ip  a  -o.;t  i'  chemical  composition  similar  to  that  of 

the  glass  Is  en:  ■  1  in  ‘  ' ’l*  was  deposited  on  the  polished 

glass  by  spat*,  *•  •  ,  in  a,,  ultraclean  environment.  The  samples 

were  d  i  :  •  u  Yes  ass.  i  i  s,  i  |  :  of  i  led  by  SIMS.  Subsequent  tests 

showed  that  nme  .  pa  I ,  has  tartly  crystallized  and  these  had 

anomalously  1  >w  d  ■  fs  <>  ales.  Ain  t  he*  range  340  -  3  70  C,  D  for 

_  i «  9 

boron  vari'  ,  t*  '  wei  ab-sd  >:  and  7  x  10  m  /s,  approxi- 

mately  an  <u,c  ■  o;  rututiitude  i  liter  than  values  estimated  indi¬ 
rectly  i  rent  tat,  1 1  ew 1  of  crystallites  in  a  similar  glass . 

The  value  os)  ■  t  oU*y  an  Arrhenius  relationship. 

It  is  ecu'  tuned  th.d  tin  tt  *thod  js  feasible,  and  a  number 
of  improvement  n  feehnigur  art*  proposed  in  the  light  of 


exp»  r  i  *  "tei  * . 


1 .  Int rodiu  i  on 

Only  throe  measurements  of  diffusion  rates  in  metallic 
glasses  have'  been  published  to  date  (1-3)  and  these  all  refer 
to  diffusion  of  metallic  solutes.  No  measurement  of  metalloid 
diffusion  in  a  metallic  glass  has  been  reported;  yet  such 
information  is  desirable  since  if  is  generally  assumed  that 
crystallization  rates,  as  well  as  the  kinetics  of  various 
pre-crystallization  changes  in  physical  and  mechanical  proper¬ 
ties,  are  determined  by  metalloid  diffusion  rates.  Extensive 
estimates  of  metalloid  d i  f fusivi ties  in  various  i'e/B,  Fe/B/C 
and  Fe/Ni/B  alloys  have  been  made  indirectly  (4,5)  from  the 
isothermal  growth  rates  of  spherical  crystals  In  such  glasses, 
on  the  basis  of  the  approximate  relation  r  =  2/5t  (r  =  crystal 
radius,  P  -  diffusivity  of  slowest  diffusing  metalloid,  t  =  time). 
These  estimates  show  that  D  increases  at  a  fixed  temperature  as 
boron  is  replaced  by  carbon. 

The  present  study  has  been  undertaken  to  establish  the 
feasibility  of  directly  determining  metalloid  d i f fusivi ties 
in  a  metallic  glass;  over  a  range  of  temperatures,  with  a  view 
to  1 a t e r  systematic  studies  of  such  dif fusi vities  in  a  range 
of  different  glasses  -  for  instance,  as  a  function  of  metalloid 
content  in  a  series  of  glasses. 

2  .  Ex  peri  men  _i  a  L__S  trateqy 

The  reason  why  diffusion  measurements  in  metallic  glasses 
have  been  so  few  is  that  the  standard  experimental  methods  are 
useless.  P  if;  gent  ally  below  10  m  /s  and  moreover  annealing 
times  are  limit ed  by  Hie  need  to  avoid  incipient  crystallization. 
Accordingly,  solute  penetration  is  limited  to  some  hundreds  of 
nanometres  at  most  and  no  standard  method  dependent  on  sectioning 
or  absorption  of  radial  ion  emitted  by  an  isotope  is  sensitive 
enough . 

The  experiment'  published  to  date  on  metal-in-glass  diffusion 
made  use  of:  (a>  ion-implantation  of  gold  and  analysis  by  ion 
back-scattering  of  the  as-implanted  and  the  diffused  samples  to 
establish  changes  in  solute  profile  (3);  (b)  ion-implantation 
of  lithium  followed  by  a  neutron-induced  nuclear  reaction  in 
situ  of  the  implanted  species  and  subsequent  assessment  of 
lithium  profiles  in  diffused  samples  by  energy  analysis  of  the 
emitted  radiation  (2);  (c)  micro-profiling  by  sputter-etching 
of  a  diffused  sample  containing  radioactive  silver  tracer  and 
measurement  of  the  radioactivity  of  successive  emitted  f rac- 


tions  (1).  l'he  lirst  method  is  suitable  only  for  heavy  solute 
atoms  in  a  matrix  ot  lighter  atoms  and  thus  cannot  be  used 
for  the  study  ot  metalloid  diffusion.  The  second  approach  may 
be  suitable  for  the  study  of  boron  diffusion  and  at  least 
three  attempts  to  exploit  this  method  are  currently  in  progress. 

The  third  method  may  bo  applicable  to  t  tie  study  of  the  diffusion 

1 .]  .  .... 

of  radioactive  ('  1:  the  availal  b  level  of  specific  activity 

proves  sufficiently  high.  Thi;  l  i  t  technique  has  been  success- 

fully  used  to  measure  '  •  s  a;  I  >w  a  lu  m^/s  in  crystalline 

metals  (0,7),  t  it  .such  •  mr  ,  •  <  '■  at  not  subject  to  limited 

diffusion  times  .  .ire  t  nose  in  :  i«  ■ '  .  i !  1  ir  olas.se:  . 

The  most  important  met  allmd  ;olut  e?  in  met  allic  glasses 
are  ( ',  B,  l1  at  id  1  ■  i  .  rg.  •  ioct  ;  .  t  i  >  ■  a  .1  ready  cited  (1,5) 

suggest  that  c  dir:  u:  ;  ••  in. » \  It1  ,u  ast  enoti  jh  at  the  highest 
accessible  t omperatures  to  pi  rr.it  measurement  of  diffusion 
profiles  on  ran  .  ■  ■  1  •  Lectron  microprobe  analysis, 

and  experi  it  on  .  e  i  .  .< 1  s  are  undei  way  at  Sussex  Uni ver si ty 

This  method  wo.ilj  not  be  applicable  to  13  (diffusion  is  probably 
too  slow  and  X-ray  el:  i  us  i  on  too  w.  -ak )  ,  but  it  may  prove  useful 
for P ,  which  .  :  s,i:.p.rn’d  o:  being  a  :  ast  diffuser.  The  diffusion 
of  Si,  which  i  s  a  relat  i  ve !  y  largo  atom,  is  probably  far  too 
slow  for  tin  ipproach,  but  t  lit'  radioactive  method  mentioned 
above  may  prove  appropi  iati  for  this  element . 

An  appro  it'h  which  can  in  principle  be  tried  for  all  four 
metalloids  is  profiling  of  a  diffused  couple  by  sputter-etching 
(ion-erosion).  He**e,  material  is  removed  very  gradually  by 
directing  an  ion  beam  at  the  surface  of  the  sample  so  that 
atoms  tire  snuttei  -etched  away.  Failing  the'  radioactive  tracer 
method  used  by  Uupt.a  et  al,  and  others  (1,6,7)  -  and  this 
requires  an  appropi  iato  isotope  of  high  specific  activity  - 
the  concent  rat  ion  profi  le  t  or  the  diffusing  species  can  be 
measured  either  by  analysing  successive  atoms  as  they  are 
sputtered  away,  or  else  by  pci Lodi  cully  analysing  the  freshly 
exposed  surface.  I'ht'  various  ways  o:  performing  such  analyses, 
and  the  problems  associated  with  see.  ring  accuiut.e  and  repro¬ 
ducible  rati  s  of  split  ter-et  china,  are  crit  icallv  compared  in 
a  review  by  C'nbuin  and  Kay  (8).  It  is  clear  that  analysis  of 
sputtered  material  is  preferable  to  t ho  surf aco-analysi s 
approach,  an.1  of  t  he  various  techniques  available  for  analysing 
sputtered  specie  ,  :  i M:  is  plainly  the  most  highly  developed 
and  accura  t «  .  This  met  hod  was  list'd  in  the  present  study. 
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Two  published  investigations  have  used  SIMS  to  measure 

diffusivities.  Contamin  and  Slodzian  (9)  have  examined  oxygen 

diffusion  in  UO.,  ,  at.  one  temperature,  while  Brebec  et  al  (10) 

have  measured  the  diffusivity  of  silicon  in  glassy  SiO^  at  a 

range  of  temperatures.  (Sit^  only  crystallises  with  extreme 

sluggishness,  so  that  there  is  no  effective  limitation  of 

anneal  ng  times).  To  measure  self-dif f union  of  a  species  which 

is  already  present  as  solute  in  the  experimental  material,  it 

is  necessary  to  use  as  tracer  a  separatee  stable  isotope  of 

1  B 

the  diffusm  ■  species:  :  or  the  U0~  tudy,  0  was  ..  <  J ,  and  for 
the  Sit<-,  stuay,  '''si.  In  the  first,  was  coated  on  to  a 

polished  uo  crystal  and  in  the  latter,  nSiu,;  was  sputtered 
on  to  polished  SiO-,. 

The  choice  of  this  method  limits  the  experimenter  to  a 
study  of  diffusion  of  boron  or  silicon,  among  the  common  metal¬ 
loids;  both  of  these  have  suitable,  readily  available  stable 
isotoDes.  r’hosphorus  has  only  a  single  stable  isotope  and  is 

2  3. 

thus  ruled  out  of  court,  while  carbon,  though  C  is  available, 
has  a  low  sputter-yield  (about  20  times  lower  than  that  of 
boron  (11))  and  thus  is  not  suitable  for  this  approach.  Since 
boron  is  expected  to  diffuse  faster  than  silicon  and  is  also 
of  greater  practical  importance,  our  choice  fell  on  boron.  We 
decided  to  use  a  glass  writh  a  substantial  boron  content;  the 
aim  was  to  measure  the  self -d  i  f  f  usi  on  of  boron  in  a  system  writh 
a  constant  boron  content. 

3 .  Experimental  \  oced ure 

The  glass  chosen  for  this  initial  study  was  Fe  ^Ni^B  ^ , 

obtained  as  T5  pm  thick  ribbon  from  Vacuumschmelze ,  lianau, 

Germany  (registered  trade  name  VITRO VAC  F0040).  The  temperature 

of  incipient  crystallization  of  glass  of  this  composition  has 

been  measured  as  a  function  of  isothermal  annealing  time  by 

Luborsky  (12);  his  measured  times  were  taken  a'  upper  limits  of 

oermissible  annealing  times.  The  onset  of  crysta 11 i zation ,  T  , 

was  found  by  our  own  DSC  experiments  to  he  at  a/410*C  f or  a 

heating  rate  of  10  K/min.  According  to  Luborsky,  '1  is  7  K  below 

Tx,  but  our  slow  DSC  runs  showed  no  sign  of  a  glass  transition. 

T  presumably  almost  coincides  with  T  . 
y  x 

The  isotope- label led  surface  coating  was  made  to  be  as  close 
as  possible  in  chemical  composition  to  the  substrate  glass;  in 
this  way,  the  total  boron  concentration  should  bo  unaltered 
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after  diffusion  at  all  points  in  the  composite  sp>  ir  n  .»nd 

premature  crvst  a  1 1  i  nation  should  lx-  prevented.  Moron  powder 

( joo  mesh)  enriched  to  95 . 7S  in  ll'h  -  as  compared  with  the 

natural  abundances  of  19.  H%  "  M,  80.J"»-  ^  H  -  was  purchased  from 

Cent  ron  ic,  New  Add  i  nut  on,  Croydon,  h no land.  This  powder  was 

mixed  with  300-mesh  iron  and  nickel  powders  of  high  purity  in 

♦  up  »>.  •  .  •o»-r,a:nond  ino  to  >•«>  Ni  R  ,  sheathed  and 

■  '  ■  4e  -h)  _  o 

co  Id  -  p  i  e  s  sod  iso?  tat  ically  and  vacuum-s  i  ntenxi  at  850  C  for 
1  r>  minutes,  to  term  a  sputtering  target.  An  electric  lead  was 
incorpora:  ej  .it  t  h«  :  i  m< 1  ot  cold  -  pressing.  (Subsequent  :  I  MS 
analyst?  •  -wed.  ■  i  •  •  h>  t  ai  uet  did  not  ••put  t  ei  t  r  m  and  tin 

•  ,  :  i  ew  .  •  •  jhei  .  • :  ••  .  >  •  •  •  i  •  t  hai  target ) . 

In  \- 1  evi  i  t  1 1 '  observation  of  a  noma  1  ous  di  :  f  u  :  i  \  .  r  i  es 
111  Cl  \  ’  ,i  1  1  .  •  '  ,i  1  !  w  t.el .  t  tic  sUL's  aii  had  been  (  !  .shed 

aril)  with  Js  jin.  ii  .cionii  powde  i  (  )  ,  svci.il  <  a  i  e  Wa  :  ak«  -n  to 

pi  i  dui  •  a  r  •  i  ,u  .  1 1  a  1  1)  pol  l  shod  su  r  .u  i  o>  >t  1 1  or  i  >  a  I  1  y  t  1  at 

a ivi  a  i  a  . i  ■  '  . i  i •  ■  ’  i  t  •  1 1  •  •  i  «•«  o!  u  . > ' : . . i ue  .  ( K 1 ec  t  r • '  1  ) •  .  .  •  polishing 

was  :  o.tnd  t  o  >  v«  too  undulating  a  at  a  ce .  )  S.»np  1 «  o.  the 

glass  w.gi  tii't  airm -a  led  :  oi  <  minutes  at  <h  '  C  in 

i > r is •  i  :  .  ej  it i  .i  s t and ard i sod  relaxed  structure,  ollowing 
the  pron\ni:  i  irst  used  by  Chen  et  al  (  ' )  .  Die  a- pies  were 
cement  ed  te  .»  -et  al  Hihs  and  mech.inn  .il  h  polished  on  emery 
(to  1 200  grit),  diamond  (to  1  jin  made)  and  finally  overnight 
na  i  .  I ' "  ad<  )  .  and  released  f r< >m  t  1  <  I  »cK. 

ScviTiil  ivnlt  were  then  placed  in  the  UHV  sputtering  unit 

t  oge t  hei  with  the  1  •  enriched  t  a  rge  t  .  After  e vacua  t  i on  to 
-'l 

10  tori,  li  tar  -he  aigon  was  admitted  te  a  pie-  ■  un  o  C.  !  mm 
and  rep -a  t  ed  1  \  r  lushed  .  the  electric  connections  wore  inverted 
and  the  samplt  nuJc  i  athodic,  in  order  to  clean  them  by 
biimbardment  wit)  argon  ions.  This  war-  essential,  since  the 
glass  oxidisi  t  eadi  lv  and  even  a  monolayer  of  hoi  on  :  ieh 
oxide  at  t  h<  sui  ace  miglit  suffice  to  inhibit  diffusion 
entirely  (Dearnaley ,  } •:  i  \  .  coram .  )  i  mnn rdiately  ai  tei  cleaning , 
t  lie  elect  i  ivies  were  lever  ed  and  t  lie  sintered  target  bombarded 
w  i  t  h  argon  ions  at  800  volts  to  form  a  coating  0.4  -  0.7  iim 
t  h  i  ck  on  t  h»  samples . 

Coated  samples  were  cut  into  pieces  tmm  squatv  and  r.irh 
pieco  w.e  is  •  !.et  i  all)  annealed  in  flowing  argon  in  a  Ou  Pont  970 
Pi  f  f  e  i  t'n  t  i  a  1  .scanning  r.iloi  i  met  t  ■  r  .  rh  i  s  met  luxi  of  annea  1  i  ng 
lias  tin  advantage  that  ,  because  ot  a  very  small  theimal  inertia, 


1 


t 1  if  temperature  rises  rapidly  (about  1  !>o  K/min)  to  the  desired 
level,  with  negligible  overshoot,  and  is  then  held  constant  to 
t  0 . b  K,  in  a  protective  atmosphere.  The  annealing  times  ranged 
from  1-1880  s  at  .1  -10°  C  to  450  s  at  385°  C. 

SIMS  was  performed  in  the  Harwell  CAMKCA  IMS  300  ion  analyser. 
Sput tor-etching  was  performed  by  means  of  a  primary  beam  of 
ions  at  s .  b  R\  ;  t  tie  usw  of  oxygen  ions  is  known  to  enhance  the 
sputter-yield  o:  mam  species,  l’he  defocused  primary  beam  etched 
an  ati’a  100  |i  cn  square  but  analysis  was  restricted  t  o  secondary 
ions  emitted  by  a  central  circulai  region  100  Jim  in  diameter. 

In  this  way,  interference  from  the  sloping  sides  of  the  pit  was 
prevented.  Hie  mass  spectrometei  was  set  to  -1  alternative 
settings,  t  o  count  singly  ionised  atoms  of  ^B,  ^  B ,  ~ *  Fe  and 
'  \i ,  and  tlu.'  instrument  adjusted  to  cycle  automatically 
between  thesi  settings,  8  seconds  on  each,  with  a  3 2 -second 
eve  1*.'  time.  All  cotints  were  stored  elect  ronieally  and  could  be 
displayed  on  a  CKO  after  eomplet ion  oi  a  run;  a  complete  set  of 
counts  f or  all  cycles  was  also  printed  out  after  each  run  and 
used  for  calculation  of  diffusion  coef f icient s . 

The  rate  ot  sputter-etching  was  calibrated  by  measuring 
several  pits,  about  1  um  deep,  by  means  of  multiple-beam 
interferometry  (9).  This  is  the  least  accurate  part  of  the 
procedure;  the  mean  of  the  3  most  precise  measurements  was 
0.bf>  t  0.08  nnv/s.  Use  of  a  Talvstep  instrument  would  be  an 
alternative  to  interferometry  but  would  be  unlikely  to  be  more 
accurate . 

Plots  were  prepared  for  each  sample  of  the  ratio 
K  ( *  l1B  count  s )/ ( ^  t,'*B  counts  +  counts)  in  each  counting 

cycle,  as  a  function  of  time  (or  equivalently  as  a  function  of 
depth  of  etching).  Fig.  1  shows  the  CKO  display  of  all  the 
counts  for  sample  5,  annealed  960  s  at  370°  C,  and  in  Fig.  2 
the  equivalent  plot  of  K  against  depth  is  shown  for  sample  5 
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and  two  others.  The  great  advantage  of  basing  the  analysis  on 
the  boron  isotopic  ratio  rather  than,  say,  the  *  B/Fe  ratio, 
is  that  errors  resulting  from  inhomogeneities  in  solute 
concentration  or  from  changes  of  the  relative  sputter-yield 
(i.e.  the  number  of  emitted  ions  of  a  particular  species  per 
incident  primary  ion)  as  between  different  elements  are  avoided. 
Such  chanqes  are  always  apt  to  arise,  because  sputter-yield  is 
very  structure-sensitive  and  the  influence  of  structural  and 

compositional  changes  is  different  for  different  elements  (8). 
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However,  the  sputter-yield  of  B  and  B  should  always  be 
very  nearly  the  same,  whatever  the  local  condition  of  the  sample. 
The  value  of  this  feature  is  demonstrated  by  considering  Fig.  3, 
run  13;  here  the  boron  counts  vary  much  less  smoothly  from 
cycle  to  cycle  than  in  Fig.  1  (and  this  is  certainly  due  to 
inhomogeneities,  not  counting  statistics),  yet  the  plot  of 
R  vs  depth  derived  from  these  data  (Fig.  2),  while  less  smooth 
than  that  for  specimen  5}is  quite  acceptable.  The  smoothness 
of  the  other  profiles  fell  between  those  extremes.  -  Quite 
aoart  from  the  above  considerations,  the  use  of  the  boron 
isotopic  ratio  is  inescapable  when  substrate  and  coating  have 
the  same  boron  concentration. 

A  profiling  run  was  also  performed  with  a  coated  but 
undiffused  sample.  The  R/depth  profile  calculated  from  the 
measurements  is  also  shown  in  Fig.  2  (run  15)  and  it  can  be 
seen  that  the  interface  is  quite  sharp.  Three  factors  tend  to 
limit  the  apparent  sharpness  of  what  should  ideally  be  a 
step-profile:  (a)  an  insuff i^ciently  flat  substrate  surface; 

(b)  an  uneven  etching  rate  across  the  pit  (a  problem  which  is 
more  serious  with  polycrystals  than  with  glasses);  (c)  'sputter- 
broadening*  by  the  knock-in  effect  (13).  The  sample  surface  had 
been  polished  to  an  optical  standard  of  flatness  and  moreover 
the  pit  floor  was  adequately  flat-bottomed,  judging  from 


intorferomet  ry ,  but  SFM  showed  that  a  few  percent  of  the  pit 
floor  was  covered  by  characteristic  sputter-cones  (Fig.  -1 )  ,  known 
to  be  associated  with  dust  particles  on  the  original  surface  (8)j 
the  photograph  was  located  to  show  an  untypical ly  high  local 
density  of  cones.  -  Knocking-in  of  atoms  by  incident  primary 
ions  in  effect  mixes  all  atoms  over  a  depth  equal  to  the  primary 
ion  range,  which  in  our  tests  was  roughly  10  nm.  The  profile 
of  run  15  fitted  rather  closely  the  unsymmet rical  shape  expected 
to  result  : rom  sputter-broadening,  and  fitting  it  to  an 
approximate  theoretical  formula  (10)  gave  a  sputtt  r-broadem  ng 
depth  of  11  nm.  This  is  not  large  enough  -  in  comparison  with 
other  error  sources  -  to  make  it  worth  while  to  apply  corrections, 
which  can  bo  quite  involved  (10,  131  to  the  observed  diffusion 

J 

pro: ilesisuch  corrections  would  tend  to  steepen  the  profile  and 
slightly  reduce  t he  derived  value  of  D.  The  good  curve  fit  tc 
the  theoretical  sputter-broadening  profile  indicates  that  error 
sources  tul  and  (b)  were  negligible.  Coburn  and  Kay  (8)  express 
the  general  view,  however,  that  features  such  as  the  cones  of 
Fig.  }  are  t  lie  principal  sources  of  error  in  SIMS  profiling 
and  it  would  thus  be  good  routine  practice  to  photograph  the 
topography  o:  each  experimental  pit  as  a  precaution. 

The  CKc  displays  (such  as  those  of  Figs.  1  and  f)  showed 
two  curious  features:  (a)  the  total  boron  counts,  " 1  B  +  ^B, 
always  :ell  sharply  on  going  from  coating  to  substrate.  This 
could  imply  that  t  tie  coat  i  ng  contained  more  than  the  intended 
20  at.%  boron  -  which  would  mean  that  the  sputtering  target 
was  subjected  to  sustained  preferential  sputtering  of  boron  - 
or  it  could  be  due  to  dirferences  in  the  sputt  er-vield  in  t  lie 
ion-probe  as  between  cv.it  ing  and  substrate.  ( bl  There  was  always 
a  fairly  sharp  change  in  Ki  and  Fe  counts,  not  generally 
coinciding  with  the  coat ing/ subst i at e  interface.  This  might 


well  be  du«  to  a  change  in  ionisation  ef  f  iciuncy  of  \  j-  i  \'i 
in  the  ion-probe  hvausi-  ot  some  unknown  change  in  opcrat  i:  -i 
conditions.  These  two  features  are  not  at  present  we  1 1  un.i»  t 
stood,  but  fortunately  they  do  not  affect  the  analysis  iec.iuse 
the  use  of  the  ^ '  M.  '*  ^  H  ratio  to  calculate  dif  fusivit  ies. 

Several  • •  •  n  i  amples  were  examined  sul  ■  equ< nt 

t  o  test  for  pos  iblt  partial  crystal  libation.  Some  wer<  t  n  nr  d 
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rhe  at  a ted ,  undiffused  sample  was  completely  an  us , 

showing  that  the  brief  stabilising  anneal  at  in--1'  C  and 
quent  ion-c loaning  had  not  initiated  crystal  orowt  h. .  s.,-  •• ' 
8  and  10  ptrvt'd  to  be  partially  crystalline  (see  Fig.  o': 
samples  7,  9  and  13  were  wholly  amorphous.  The  othei  samp] 
were  not  available  for  testina. 


4 .  Calculati on  of  Dif f usion  Coef f ici en : s 

The  appropriate  solution  of  the  diffusion  equation  for  t!  ' 
circumstances  of  tile  present  experiments,  treating  the  coat  :  a 
as  a  semi -.in  f  in  i  telv  thick  source,  is  (14): 


10. 


c "  K  i  x  1  -  ft  ( s  )  if,  ,  .  x  .  ~] 

R  =  Rici'-'kifr  "h  ~ 

Here  K(x)  is  the  concentration  ratio,  c  ( *^B)/  [c  ( 1 1-1 13 )  +  ct 
at  depth  x  from  the  initial  interface;  K(s)  is  the  isotopiv 
ratio  in  the  substrate  (0.1981  and  R(c)  is  the  ratio  in  the 
coating  (0.957). 
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To  fit  this  equation  to  profiles  such  as  those  of  Fig.  2,  th> 
best  procedure  is  to  plot  R7  as  a  function  of  x  on  probability 
graph  paper  (15).  Such  paper  has  as  ordinate  a  quantity  y 

satisfying  the  relation  2R  =  1  -  erf(y)  for  R7  in  the  tango 
0  to  1  ,  and  for  our  purposes,  y  =  x'2/ru.. 


Fig.  5  -hows  seven  experimental  profiles  plotted  in  • 
way.  When  the  points  lie  very  close  to  a  straight  line,  as 
run  5,  then  a  single  diffusion  coefficient  accurately  fits  tt.. 
profile*.  When  there  is  a  change  of  slope,  as  in  run  8,  then 
•The  random  scatter  of  individual  points  from  the  best  straight 
line  on  run  5  tan  be  accounted  for  entirely  in  terms  of  coat  : 
statistics;  the  probable  error  of  R  was  somewhat  less  t ha: 
different  values  of  D  apply  at  different  depths.  In  the  eu'  < 
sample  8,  which  was  substantially  crystalline  accord i n.  t< 
there  was  presumably  a  rapid  rise  in  the  crystalline  ' i a. 
when  .  -  ■  .  ■  had  reached  • x •  .  Alternatively , 
can  change  progressively  during  anneal  as  crystallites  urow. 

On  either  view,  t  tie  value  of  D  deduced  from  such  a  plot  car 
oive  a  rough  indication.  The  same  applies  to  sample  9,  which  w 
wholly  amorohous  according  to  our  tests. 

5  ach  set  of  points,  except  those*  for  sample  7,  shows  devi  t  < 
from  a  straight  line  well  inside  the  coating  region.  This  wa 
to  be  expected,  since  the  coatino  does  not  usually  hav  ■  cv.  i 
the  same  density  and  composition  as  the  substrate,  and  D  in  a 
glass  is  known  (3,  1  ft  to  be  sensitive  to  very  small  changes 
free  volume.  Consequently,  the  best  straight  line  was  fitted 
along  the  part  of  the  plot  lying  within  the  substrate  (but  oi 
runs  8  and  9,  two  straight  lines  were  fitted  to  each.) 

In  Fig.  6,  the  deduced  values  of  D  are  plotted  as  Log  D  vs  1/ I. 
Two  error  bars  are  marked:  the  broad  bars  show  the  error  due  to 
the  uncertainty  (*  12%)  in  the  sputter-etching  rate  in  the  ion 
orobe;  the  narrower  bars  show  the  estimated  random  error  in 
fitting  straight  lines  to  the  plots  of  Fig.  5.  (For  the  sake 
of  clarity,  the  two  errors  were  not  statistically  combined).  I’ 
partially  crystalline  samples  have  been  distinguished  by  open 
circles.  Samples  5  and  14  are  assumed  to  have  remained  amorphous. 
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5 .  Discussion 

The  values  of  D  plotted  in  Fig.  6  indicate  that  the  degrc-o 
of  uncertainty  of  individual  values  is  quite  acceptable,  in 
view  of  the  low  absolute  di ffusivities  being  measured,  buL  the 
two  measurements  at  350°  C  show  that  reproducibility  still 
requires  improvement. 

The  five  non-crystall ized  samples  (nos.  5,  7,  9,  13,  14), 

of  which  sample  5  gave  the  straightest  r'/x  plot,  do  not  !i 

along  a  straight  line  in  Fig.  6.  This  may  well  prove  in  dut 

course  to  be  a  generally  valid  conclusion  for  diffusion  in 

metallic  glasses,  at  any  rate  near  T  :  the  same  is  also  ;  ni' 

of  the  D  values  for  gold  diffusing  in  Pd  i  ^  -j  following  a 

short  relaxation  anneal  just  below  T^  (3).  Plainly,  the  e;  fee  • 

of  various  relaxation  anneals  on  diffusion  rates  is  one  of  tin 

issues  which  requires  systematic  examination,  and  boron  dif  a 

wrould  be  a  good  basis  for  this.  The  recent  creep  experiment. 

Taub  and  Spaepen  (16)  have  shown  clearly  that  long  anneals  at 

temperatures  well  below'  T  cause  very  large  changes  -  sever.' 1 

9 

orders  of  magnitude  -  in  viscosity  as  deduced  from  creep  rati  . 

It  is  by  no  means  clear  whether  the  Stokes-Einstein  relation  .hie 

where  a  is  the  atomic  diametei 

between  viscosity  n  and  diffusivity  D  (D  =  (k/3TTa )  T/tj/)  cont  i  • 

to  apply  as  a  glass  structure  relaxes  and  atomic  transport 

mechanisms  perhaps  change.  This  doubt  arises  because  (a)  a  Ion  - 

diffusion  anneal  well  below  T^  still  appears  to  give  an 

isoconf igurational  diffusivity  (1);  (b)  a  long  anneal  well  below 

Tg  changes  viscosity  sharply  (16);  (c)  a  short  anneal  just  below 

Tq  changes  both  glass  configuration  and  diffusivity  sharply  ( '. 

The  ambiguities  concerning  the  different  measures  of  atomic 

mobility  -  viscous  flow  and  diffusion  -  have  been  set  out  eli  a 

clearly  by  Spaepen  and  Turnbull  (17).  -  Recent  finding  also 
heavy  ion 

indicate  that/irradiation  of  a  metallic  glass,  which  increases 


t  volutWi  >  ,  d  \  ast  it  - a  l  1  y  l  ow»  '  1  :  -  t  ho  ri  y:.l  .ill  l  :.il  i  ' t  >  i 
and  thus  (by  implication)  enhance.*;  dilfusivity  (It'). 

A  great  deni  of  syteinatic  work  needs  to  be  done  to  and.  i 
just  how  diffusion  in  a  metallic  glass  depends  on  the  stati 
rel.ix.it  ion  of  the  glass. 

In  Fig.  n,  some  estimated  diffusion  rail's  deduced  i  nit  in 
from  crystal  growth  rates  in  Fe  j  7N  i  j  ,  B  ( _  and  Fo^()B  ,  (1  ( -1 .  ■  1 
also  i  nd  i  ca  t  e.t .  These  tales  are  between  one  and  two  o  t  de  t  • 
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The  cu  t  ved  line  in  Fig.  t>  represents  an  appi  o\  i  ma  1  e  n<  i  r 
observed  d  i  f  f  us  i  v  i  t  i  es .  Fot  rompai  ison,  the  straight  line 
di  awn  with  a  slope  cot  respond  i  no  to  an  ne  t  i  va  t  i  t'ti  one  i  g>  e 
l .  0  eV/a  t  om ,  which  i  s  the  art  ivat  ion  enemy  t  oi  c  i  \  s  t  a  1  1  i  ■ 
of  t'Cj()Ni  jt)H  ,(1  found  by  l.uborsky  (12). 

It  remains  to  be  seen  whether,  turthei  below  T  ,  a  t  t  a 

a 

line  Arrhenius  plot  applies.  KfVstet  (pi  iv.  comm.  )  ha-  oun. 
that  in  Fe-B-C  alloys  there  is  a  deviation  to  hiuhei  ( i nd i 1 
estimated)  d  i  t  f  us  i  v  i  t  i  es  at  low  tempeiatutes  than  would  be 
predicted  by  e\  t  rupol  a  t  i  on  t  tom  a  high  t  emp.  'tailin'  At  t  hen  i  a 


plot.  Provided  diffusion  does  not  take  place  by  the  miut.it 
<*f  well  defined  vacancies  ot  holes  of  sire  invatiant  with 


t  emperat ure , 


there  is  no  intrinsic  reason  why  there 


alien  Id 


a  straight  Arrhenius  plot  foi  di  t'fus  i  vit  i  e:  in  .1  nu  tails 
glass.  I*' or  a  di  cushion  ol  possible  difi  u  ion  1:  chani  •  11  . 

a  recent  review  by  t'ahn  ( 1  ‘> )  . 

Out  result'  indicate  t  hat  diffusion  is  :  lowei  in  ,1  p.etly 
crystallized  santplt  titan  in  wholly  glassy  oiu  ,  nmir.in  to 
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propagate  into  the  substrata  .  It-  aim  could  be  achieved  by 
depositing  a  coaling  with  a  high  [’  han  the  sue  d  tale.  kecent 
measurements  on  le  bid  alloys  (.hi  ituiic.ilc  that  add  it  i  on  , 
about  1  at.'V.  Si  to  the  coat  i  ng  should  rai.se  c  b\  tut  1  Of  K. 

Since  silicon  is  likely  to  be  a  slow  diffuse!  ,  it  should  not 
interfere  in  the  diffusion  experiment.  An  alternative  approaeh 
is  to  use  a  thin  1(1  mti)  coaling  e  pute  1<  and  .malyse  the 

profile  in  t<  the  ,  ilm  solution  ol  t h  equa  on. 
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:  i  '• .  j .  lots  of  P/  against  sputter-etching  depth,  x,  for  ‘ 

:■>  uressf  il  ion-probe  runs,  (x  is  here  taken  from  the  on!  ir. 

u  >  e _ i  origin).  The  ordinate  is  also  calibrated  in  ti  r 

of  x/ 2  / 1  •  , 

m  j  :  if  °  C,  960  -> .  Run  7  s  3  50°  C,  5700  s.  Run  , 

l jo  Hun  9:  360°  C,  I960  s.  Run  10s  370°  <  ,  11  in  -  . 


F tq  •  6 «  Values  of  D  calculated  from  plots  of  Fiq.  5.  (A  and 
represent  values  calculated  from  the  two  alternative  st  u  i  it. 
lines  fitted  to  runs  8  and  9  in  Fig.  5).  •  -  amorphous 

samples.  o  -  partially  crystallized  samples.  T  ha;  been 
marked  at  -100°C.  ^  -  D  calculated  from  growth  raVe-  o- 
crystallites  in  Fe^  B  ,  (-1).  A  -  P  calculated  f  ror  trowth 
rates  of  cryst allifBs1  in  Fe^Ni^B^  (■!). 


